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Abstract

Arthropods are recognised as potential mechanical and biological vectors for infectious diseases in outdoor environments.

However, a comprehensive understanding of the indoor arthropod community diversity and of the role that their associated

microbiota may have as disease vectors is largely unexplored. Here, we study the arthropod community and the associated

microbiota diversity of twenty indoor environments, sampled over a period of twelve months from urban and suburban households

by citizen scientists in the West Midlands (UK). We compare the arthropods diversity between environments and over the

sampling months. We characterize the exogenous (exoskeleton) and endogenous (gut) bacterial communities associated with

all specimens of arthropods actively captured using both a traditional culture-based and an unbiased metabarcoding approach.

For the first time, we describe the exogenous and endogenous microbiota composition and diversity of 14 arthropod families

found in indoor environments. We find that both the exogenous and the endogenous microbiota are potential carriers of human

opportunistic pathogens, with potential implications for public health. We discover that many bacteria families are shared

across the exogenous microbiota of arthropods, likely influenced by the bacteria present in the environment. Conversely, the

endogenous microbiota composition is unique to the arthropod families, and likely genetically determined. We show that the

metabarcoding unbiased approach is a superior tool to characterize the microbiota associated with each arthropod family. This

study provides new insights into bacterial carriage in household arthropods as potential reservoirs of infectious disease.

Introduction

As common organisms in indoor environments, arthropods are recognised mechanical and biological vectors
of infections in animals, including humans (Doron & Gorbach 2008). Arthropod pests are mechanical carriers
of human pathogens, especially of gastrointestinal and other opportunistic pathogens, including Escherichia
,Salmonella , Shigella and Campylobacter (Adamset al. 2015; Gibbons 2016). Klebsiella pneumoniaeand
Staphylococcus aureus have been found to be common in the microbiome of cockroaches collected in hospitals,
whereas the same arthropod species carries more frequently Escherichia coli, Citrobacter spp., Pseudomonas
aeruginosa andStaphylococcus spp. in domestic households (Memona et al.2017; Menasria et al. 2015; Moges
et al. 2016). Flies are also known carriers of opportunistic bacteria, such as Klebsiella pneumoniae (Ranjbar
et al. 2016), Staphylococcus and Enterobacteriaceae (Barreiro et al. 2013).

Gastrointestinal pathogens carried by flies and cockroaches can cause 2.4 million infections and 180 deaths
per year in the UK (Hollandet al. 2020) . Worldwide, pest arthropods are one of the main factors involved
in the epidemiology of diarrhoea (Rahmadani & Lee 2020), responsible for the yearly death of 525,000 chil-
dren under the age of five (Das et al. 2018). Pest arthropods play such an important role in opportunistic
infections that the control of e.g. fly populations can reduce the incidence of gastrointestinal bacterial in-
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fections by 23% (Das et al. 2018; Knight et al. 1992; Sengupta et al. 1995). However, arthropod pests
comprise a minority of the indoor arthropod environment (Barberan et al.2015; Bertone et al. 2016; Leong
et al. 2017); studies start to emerge describing the abundance and diversity of non-pest arthropods in
these environments (Adams et al. 2015; Barberanet al. 2015; Bertone et al. 2016; Leong et al.2017). The
role of these species as potential carriers of opportunistic infections is, to date, understudied. However,
human pathogenic bacteria have been isolated from the microbiome of non-pest arthropods, including dark-
winged fungus gnats (Diptera: Sciaridae ) (Kwon et al.2016); owl midges (Diptera: Psychodidae ) (Faulde
& Spiesberger 2013) , and cellar spiders (Araneae: Pholcidae) (Voloshyn et al.2017). In addition, studies on
household surfaces have shown the presence of both human-associated pathogens, includingStaphylococcus
, Streptococcus, Corynebacterium ,Lactococcus and Enterobacteriaceae , as well as bacteria associated with
the outdoor environment, such as Pseudomonas ,Propionibacterium , Streptophyta and Sphingomonas(Jeon
et al. 2013). However, a systematic characterization of non-pest arthropods diversity and their associ-
ated microbiota as potential carriers of human pathogens in indoor environments is lacking. Moreover, the
screening of pathogenic bacteria associated with arthropods is conducted prevalently with culture-based ap-
proaches. Culturable bacteria only constitute 2.5% of existing bacteria, severely limiting the characterization
of bacterial communities associated with the indoor environment (Oberauner et al. 2013) .

Here, we study the indoor arthropod community and its associated microbiota, sampled from twenty house-
holds located in the West Midlands (UK). The households were evenly split between urban and suburban
environments and sampling was conducted by citizen scientists through active captures over a period of 12
months. We classified the arthropods and their relative abundance across the 12-month sampling period
using taxonomic cues against entomological references. We applied DNA metabarcoding and culture-based
approaches to study the composition and relative abundance of endogenous (gut) and exogenous (exoskele-
ton) microbiota of the captured arthropod morphospecies. We determined whether the microbiota dynamics
and composition were explained by the association with the arthropod morphospecies, the sampling envi-
ronment (urban/suburban) and the season (month of collection). We then determined how many bacteria
families identified in the arthropod microbiota were recognized as human pathogens according to the list of
biological agents by the Advisory Committee on Dangerous Pathogens (HSE). Our study provides important
insights into the role of non-pest arthropods as potential carriers of opportunistic pathogens for animals and
humans, with implications for public health.

Materials and Methods

Sampling and experimental design

Arthropods were collected monthly from 20 households between August 2018 and October 2019 by citizen
scientists in the West Midlands, UK (Fig. 1). Nine households were in sub-urban and 11 were in urban
settings; the active collection was done using a spider catcher (Brainstorm, Gisburn, UK), and a pooter bug
catcher (Ocean, Southampton, UK) (Fig. 1). Immediately after collection, the arthropods were stored at
-20 in domestic freezers until monthly collection by the laboratory staff at Aston University (UK), where
samples were taxonomically identified at the family level against entomological references (Chinery 1993;
Chinery & Falk 2007) using a stereo microscope (Motic Hong Kong Limited, Hong Kong, China).

Microbiome characterization

We used both a culture-based microbial analysis followed by Sanger sequencing and DNA metabarcoding to
quantify the microbial communities associated with household arthropods captured by the citizen scientists
(Fig. 1). For samples collected between August 2018 and July 2019, we characterized the composite micro-
biota associated with the arthropods’ morphospecies, including exogenous (exoskeleton) and the endogenous
(gut) microbiota together. For a subset of the samples (July to October 2019), we analysed the exogenous
and the endogenous microbiota separately. This allowed us to study whether the exogenous microbiota
composition varied seasonally and co-varied with environmental variables (e.g., temperature and humidity).

The endogenous and exogenous microbiota were collected from pools of up to 5 arthropods from the same
morphospecies to capture the bacterial communities’ diversity. The exogenous microbiota was collected

2



P
os

te
d

on
A

u
th

or
ea

5
D

ec
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
63

87
48

02
.2

85
81

86
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

by washing and vortexing the arthropod pools (2850 rpm for 30 seconds) in sterile distilled water (SDW)
and pelleting the bacterial community through centrifugation at 13000g for two minutes in an Eppendorf
centrifuge (Hamburg, Germany). Following the collection of the exogenous microbiota, the pools were washed
in 70% ethanol for 2 minutes, rinsed with SDW, and homogenised by grinding in 1 ml of SDW using a sterile
micro pestle (Eppendorf, Hamburg, Germany), to collect the endogenous (gut) microbiota. Both the total
microbiota extracted from samples collected between August 2018 and July 2019 and the microbiota collected
separately from endogenous and exogenous microbiota (July to October 2019), were split into two aliquots;
the first aliquot was serially diluted down to 10-4 of the initial concentration and plated on Nutrient Agar,
Mannitol Salt Agar, Violet Red Bile Glucose Agar and Blood Agar N° 2 (Thermo Fisher Scientific Oxoid
Ltd, Basingstoke, UK); the second aliquot was used for DNA metabarcoding (Fig. 1).

All the inoculated bacteria on agar media were incubated at 37°C for 48h in aerobic conditions, whereas
Blood agar plates were incubated both in aerobic and anaerobic conditions. Following incubation, bacterial
colonies were counted, corrected for the number of arthropods in each pool and the serial dilution factor
and expressed as the number of Colony Forming Units (CFU/ml/arthropod). A total of 166 colonies across
the collected samples was sequenced using Sanger sequencing technology, following gDNA extraction with
QIAamp DNA mini kit (Qiagen, Hilden, Germany), and amplification of the 16S rRNA Vi-V2 region [27F
(5’-AGAGTTTGATCATGGCTCA-3’) and 1492R (5’-TACGGTTACCTTGTTACGACTT-3’)]. The PCR
conditions were as follows: 95°C for 15 minutes, followed by 35 cycles at 95°C for 1 minute, 50°C for 1
minute, and 72°C for 1 minute. A final extension at 72°C for 10 minutes was used. The PCR products
were purified using QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and quantified on a 1.2%
agarose gel stained with ethidium bromide (Bio-Rad Laboratories, Hercules, California, USA). The Sanger
sequencing was completed by Eurofins Genomics, Ebersberg, Germany.

Genomic DNA for the metabarcoding analysis was extracted from the microbiota community of each arthro-
pod pool using the DNeasy PowerWater kit (Qiagen, Venlo, Netherlands) following filtration on 0.2 μm filter
funnels (Thermo Fisher Scientific, Waltham, USA). Extracted DNA was then prepared in paired end 250bp
amplicon libraries obtained with the 16S RNA V1-V2 region, using a 2 step PCR protocol with 96x96 dual
tag barcoding to facilitate multiplexing and to reduce crosstalk between samples in downstream analyses
(MacConaill et al. 2018). Negative controls were used for PCR biases and contamination. They consisted
of genomic libraries constructed using the SDW used to wash the arthropods and of libraries without target
DNA. PCR1 and PCR2 primers, as well as annealing temperatures per primer pair in PCR1 are in Ta-
ble S1. QCs were performed at each PCR step. Excess primer dimers and dinucleotides from PCR1 were
removed using Thermostable alkaline phosphatase (Promega) and Exonuclease I (New England Biolabs).
PCR2 amplicons were purified using High Prep PCR magnetic beads (Auto Q Biosciences) and quantitated
using a 200 pro plate reader (TECAN) using qubit dsDNA HS solution (Invitrogen). A standard curve
was created by running standards of known concentration on each plate against which sample concentration
was determined. PCR2 amplicons were mixed in equimolar quantities at a final concentration of 12 pmol
using a Biomek FXp liquid handling robot (Beckman Coulter). Pooled libraries molarity was confirmed
using a HS D1000 tapestation screentape (Agilent) prior to 250bp paired end sequencing on an Illumina
MiSeq platform to obtain 100,000 reads per sample and amplicon. The genomic libraries were prepared and
sequenced by EnviSion, Environmental BioSequencign and BioComputing at the University of Birmingham
(https://www.envision-service.com/ ).

Data analysis

The sequences obtained with Sanger technology were analysed using the software FinchTv (version 1.4.0)
and taxonomically assigned using Blast V 2.12.0+ using default parameters, following the removal of PCR
primer sequences.

Metabarcoding sequences were analysed using qiime2 (Caporaso et al. 2010). Amplicon sequence variants
(ASVs) were obtained by removing adapter primers with the cutadapt plug-in (Martin 2011), denoising
with DADA2, trimming low quality reads, merging forward and reverse reads, dereplicating and filtering out
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chimaeras (Callahan et al. 2016). Taxonomic assignment of the 16S sequences was done using the DAIRY
database (Meolaet al. 2019) , following the removal of unassigned reads with the microDecon R package
(McKnight et al. 2019).

The R-package Vegan (Oksanen 2020) was used for statistical analysis of both the culture-based and the
metabarcoding sequences. We applied a permutation analysis of variance (PERMANOVA) on the weighted
Bray-Curtis distance for both metabarcoding and culture-based sequences, using the Adonis function in
R (Team 2020) to quantify the effect of Arthropod family, season (month of sampling) and environment
(urban/suburban), and their combined effects on the microbiota diversity.

We studied correlations between environmental variables and the compositional changes of the exogenous and
endogenous microbiota. The environmental variables studied were average air temperature, precipitation,
humidity, and wind speed obtained from the Stourbridge weather station (UK), located within a 20 Km range
from the 20 households used in this study (metnet.co.uk). Significant associations between beta diversity
(weighted diversity between samples) and environmental variables were established using a Spearman’s rank
correlation test (P < 0.05).

The bacterial families identified through the culture-based and high throughput DNA metabarcoding were
mapped onto the approved list of biological agents published by the Health and Safety Executive Advisory
Committee on Dangerous Pathogens ((ACDP) 2020) to identify pathogens with potential adverse effect on
human health.

Results

Arthropod captures across seasons and households

Over the 12 months collection period we identified 215 arthropods using taxonomic keys. Pholcidae (cellar
spiders), were the most abundant family, accounting for 33.5% of the total captures, closely followed by Coc-
cinellidae (ladybirds; 32.1%) andLepismatidae (silverfish; 12.1%). Rarer specimens includedChironomidae
(non-biting midges; 6%), Calliphoridae (blue bottle flies; 3.3%), Gnaphosidae (ground spiders; 2.8%),Culici-
dae (mosquitoes; 2.3%), Pyralidae (pyralid moths; 1.9%), Tipulidae (crane flies; 1.4%), Agelenidae (funnel
weavers; 0.9%), Blattidae (cockroaches; 0.9%), Noctuidae(noctuid moths; 0.9%), Thomisidae (crab spiders;
0.9%) andVespidae (wasps; 0.9%) (Fig. 2).

Household arthropod- associated microbiota

We studied the microbiota composition associated with the arthropods captures and measured how they
varied by arthropod’s family, season (month of sampling) and environments (urban/suburban).

The microbiota identified with the culture-based approach significantly differed among the arthropod fam-
ilies, and between environments, whereas it did not vary by season (Table 1A; Fig. 3A). We cultured and
isolated bacteria from 84 pools (72.6%), whereas the remaining 31 pools (27.4%) did not harbour any cul-
turable bacteria. Among the bacteria that could be cultured and taxonomically identified, Gram-positive
cocci (including those strains not identifiable at family level) and Gram-positive rods were the most abun-
dant (Fig. 3A, Table S2), followed byStaphylococcaceae (30.36%), Bacillaceae (10.71%) andMicrococcaceae
(10.12%) (Fig. 3A, Table S2).Streptococcaceae and Enterococcaceae accounted for 9.52% and 8.33% of the
taxonomically assigned sequences, respectively (Fig. 3A; Table S2). The remainder of the taxonomically as-
signed reads belonged to: Moraxellaceae (4.76%), Dysgonomonandaceae(4.17%), Rhodobacteraceae (4.17%),
Yersiniaceae(4.17%), Erwiniaceae (2.98%), Carnobacteriaceae(1.79%), Clostridiaceae (1.79%), Brevibacter-
aceae(1.19%) and Microbacteriaceae (1.19%) (Fig. 3A, Table S2). Rare families accounting for 0.6% each
of the total identified sequences were: Peptostreptococcaceae , Caryophanaceae ,Corynebacteriaceae , Der-
mabacteraceae ,Enterobacteriaceae , Neisseriaceae ,Pseudomonandaceae and Veillonellaceae (Table S2). A
total of 192 isolates could not be identified at family level; they were Gram-positive cocci (49.48% of the unas-
signed sequences), Gram-positive rods (27.6%), Gram-negative rods (15.10%), Gram-negative cocci (6.77%),
Gram-negative coccobacilli (0.52%) and Gram-negative filamentous bacteria (0.52%) (Table S2).
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Gram-positive cocci and Gram-positive rods were found in all arthropods, except for Vespidae (Gram-positive
cocci) and Blattidae (Gram-positive rods) (Fig. S1A). Even if few bacteria families were shared across the
artropod’s families, each arthropod had a unique microbiota composition (Fig. S1A).

The microbiota identified with the metabarcoding approach significantly differed among arthropod families,
season (sampling months) and environments (urban/suburban) (Fig. 3B; Table 1). The interaction term
Arthropod Family*Season was also significant (Table 1). The metabarcoding approach identified 771 ASVs,
taxonomically assigned to 15 phyla, 111 families and 249 genera of bacteria. Among the 10 most abundant
families, Rickettsiaceae comprised 67.3 % of the identified families, followed by Anaplasmataceae (10.59%),
unidentified family of the class Bacilli (3.59%),Proprionibacteriaceae (3.71%), Porphyromonadaceae(3.29%),
Micrococcaceae (2.89%), Enterobacteriaceae(2.89%), Enterococcaceae (2.12%), Methylobacteriaceae(1.83%)
and an unidentified family of the order Burkholderiales(1.78%) (Fig. 3B; Table S2). The metabarcod-
ing approach revealed thatRickettsiaceae were common and abundant in the microbiota of all arthropod
families, followed by Anaplasmataceae (Fig. S1B; Table S2). Bacilli were abundant in Tipulidae ; they
were present in low abundance in 50% of the captured arthropods (Fig. S1B). Although the microbiota of
the different arthropod families was dominated byRickettsiaceae , the relative abundance of other bacterial
families was distinct among the arthropods (Fig. S1B, Table S2). For example, Enterobacteriaceae and
Micrococcaceae made up 15.2 and 13.9%, respectively, of the Agelenidae microbiota, whereasEnterococcaceae
(14.4%) were the second most abundant bacteria family in Blattidae (Fig. S1B; Table S2). The microbiota
ofCalliphoridae was dominated by Porphyromonandaceae(70.7%), whereas Rickettsiaceae (8.3%) accounted
for a small proportion of this microbiota (Fig. S1B).

We studied the change in community composition of the exogenous and endogenous microbiota separately in
the arthropod captures between July and October 2019. We asked if changes in the endogenous and exoge-
nous microbiota were explained by the arthropod family, the month of collection and their interaction terms.
We also studied the correlation between the exogenous and endogenous microbiota communities with envi-
ronmental variables. In the culture-based approach, the endogenous and exogenous microbial communities
varied significantly by the arthropod families, whereas they did not differ significantly among seasons (month
of collection; Fig. 4A; Table 2). Gram-positive cocci were abundant in both the endogenous and exogenous
microbiota (Fig. 4A). Some bacteria families were only found in the exogenous microbiota (Staphylococcaceae
, Peptostreptococcaceae ,Bacillaceae , Enterococcaceae , Rhodobacteraceae andErwiniaceae were isolated from
the exoskeleton of the arthropods), whereas others were unique to the endogenous microbiota (Enterococ-
caceae , Erwiniaeae , Rhodobacteraceae ,Micrococcaceae , Carnobacteriaceae andStreptococcaceae ) (Fig.
4A). Some bacterial families were arthropod-specific: Staphylococcaceae were only found in the exogenous
microbiota of Coccinellidae and Blattidae ;Rhodobacteraceae were only found in the endogenous microbiota
of Blattidae and the exogenous microbiota of Gnaphosidae (Fig. 4A).Carnobacteriaceae and Streptococcaceae
were only found in the Coccinellidae ’s endogenous microbiota (Fig. 4A).

The endogenous and exogenous microbiota identified with the metabarcoding approach were overall di-
vergent and varied significantly by the arthropod family, whereas they did not differ significantly by the
sampling month (Table 2). Rickettsiaceae were both common and abundant across the arthropods’ families
(Fig. 4B). The exogenous microbiota was dominated by Rickettsiaceae, comprising 64.1% of the microbiota
in Blattidae , 30.2% in Coccinellidae , 55.8% in Gnaphosidae spiders, 76.3% in Pholcidae and 34.4% of
inTipulidae . The exogenous microbiota of Coccinellidae andTipulidae were the most diverse among the
arthropods studied here. In addition to Rickettsiaceae , Coccinellidaeexogenous microbiota included Propi-
onibacteriaceae (18.1%),Methylobacteriaceae (13.7%), Micrococcaceae (11.4%), andStreptococcaceae (9.4%)
in relatively high abundance (Fig. 4B). The exogenous microbiota of Tipulidae comprisedEnterobacteriaceae
(23.7%), Bacilli (16.9%),Planococcaceae (6.1%), Streptococcaceae (5%), in addition to Rickettsiaceae (Fig.
4B). The endogenous microbiota composition was arthropod-specific. For example, Enterococcaceaemade up
94% of the endogenous microbiota of Blattidae , whereas they were in low abundance (<1%) in other arthro-
pods (Fig. 4B). Bacilli comprised 93% of the endogenous microbiota inTipulidae and 42% in Coccinellidae
(Fig. 4B).Anaplasmataceae were present in low abundance in the endogenous microbiota of all arthropods
and abundant (35%) in Gnaphosidae(Fig. 4B).
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We used the Spearman correlation combined with the Shannon-Wiener index, which combines species richness
and relative abundances, to establish associations between endogenous/exogenous bacterial communities and
environmental variables: temperature, precipitation, humidity, and wind speed. Neither the endogenous
nor the exogenous microbiota compositional changes were explained by significant covariation with the
environmental variables (Table S3).

Pathogenic bacteria associated with household arthropods

The bacteria identified through the culture-based and the metabarcoding approach were intersected with
the Health and Safety Executive (HSE) list of biological agents, in order to assess the presence of pathogenic
bacteria associated with the household arthropods. The metabarcoding and the culture-based approach
shared 10 (4.7%) bacteria families, which were all listed in the HSE database as potentially pathogenic
(Fig. 5). A single bacterial family that intersected with the HSE database was identified solely through the
culture-based approach, whereas 18 families (8.5%) uniquely identified with the metabarcoding approach
intersected with the HSE database (Fig. 5). A significant positive correlation based on the 2x2 contingency
table was found between isolated human pathogens and indoor arthropods, as well as between environmental
bacteria and outdoor arthropods (χ2=28.177, p = 0.0001) (Table S4).

Discussion

Non-pest arthropods are a potential reservoir of human pathogens

Most studies of indoor environments have focused on pest arthropods, neglecting non-pest species and leading
to an underestimation of the potential impact of non-pest arthropods as carriers of human pathogens (Bertone
et al. 2016). Here, we characterized the indoor insect community and the associated microbiota over a period
of 12-month across 20 households. This approach enabled us to characterize for the first time the microbiota
of the arthropod indoor community and to identify potential carriers of human pathogens.

The most abundant arthropod family in the indoor environments studied here were cellar spiders of the family
Pholcidae, consistent with previous findings in indoor environments (Desales-Lara et al.2013; Durán-Barrón
et al. 2009; Rodŕıguez-Rodŕıguez et al.2015). Cellar spiders, together with ladybirds and cockroaches are
typically found in indoor environments (Brown et al. 2008; Wanget al. 2011). However, the other arthropods
found in our study were unexpected as they are outdoor species (e.g. wasps and crane flies) (Hall & Gerhardt
2002; Reed & Landolt 2019). They were likely casual intruders attracted by food and/or light (e.g., non-
biting midges and spiders). These species are potential carriers of human pathogens, as their microbiota
composition showed.

Our survey of the microbiota associated with non-pest arthropods identified opportunistic pathogens of
humans present either in the endogenous or exogenous microbial community or both. Among the bacterial
families intersecting with the HSE database, Rickettsiaceae were ubiquitous to the endogenous and exogenous
microbiota of all indoor arthropods actively captured in this study. Rickettsia is a genus of Gram-negative
obligate intracellular bacteria typically associated with ticks, leeches, amoeba, ciliate, and hydra (Krawczak
et al.2018). They can cause typhus and spotted fever, with potential life-changing illness (Ogata et al. 2006).
Bacillaceaewere the second most abundant bacteria family across the insect captures, which is responsible
for foodborne infections in humans (Stenfors Arnesen et al. 2008). The genus Clostridiaceaewas also common
across the insect captures; it comprises several spore-producing bacteria that can cause foodborne and other
opportunistic infections (e.g., gas-gangrene) (Kierzkowska et al.2018). In addition, Corynebacteriaceae and
Enterococcaceaewere found in relatively high abundance in the insects’ microbiota. The family Corynebacte-
riaceae includes species of the genusCorynebacterium that cause opportunistic infections in humans, such as
diphtheria, endocarditis, and lymphadenitis (Zhi et al.2017) . Enterobacteriaceae are the agents of many com-
munity - and hospital-acquired infections (Perez 2018) , including urinary tract infections, surgical wounds
infections and bacteraemia (Lebretonet al. 2014). Also found in the insect microbiota wereNeisseriaceae .
These bacteria can be a part of the normal human bacteria flora and are typically harmless. However, some
species of this family can cause infections in humans (Osses et al. 2017); for example, Neisseria gonorrhoeae
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and Neisseria meningitidiscause the sexually transmitted disease gonorrhoea and meningitis, respectively
(Christodoulides et al. 2021).

Less abundant bacterial families in the insect captures includedPeptostreptococcaceae , commonly found in the
gut of humans and animals (Neumann et al. 2020); the opportunistic bacteria familyPseudomonadaceae asso-
ciated with antibacterial resistance (Saati-Santamaria et al. 2021; Wessels et al. 2021); andStaphylococcaceae
. The latter are common human commensals and typically harmless. However, they can cause infections in
immunocompromised people (Rossi et al. 2020).Streptococcaceae are associated with infective endocarditis,
purulent infections, brain haemorrhage, intestinal inflammation and bacteraemia (Yumoto et al. 2019). The
identification of human pathogens that can cause opportunistic infections in the indoor environment does
not directly translate into a public health concern. However, our findings invite a closer investigation of the
microbiota of non-pest arthropods as a potential reservoir of opportunistic bacteria that can cause patho-
genic effects in humans. With regular screening of household environments, opportunistic infections may be
prevented.

Origin of the arthropod microbiota

Arthropod endogenous microbiota is typically adapted to the host and genetically determined (Smee et al.
2021; Suppa et al.2020). However, environmentally acquired bacteria are also found in both endogenous and
exogenous microbiota of arthropods. These bacteria may have specific regulatory responses and, therefore,
may be selectively acquired from the environment in each generation (Engel & Moran 2013; Hannula et al.
2019). Typically, the exogenous microbiota is more diverse than the endogenous one (Oliveira Ramalho et
al. 2019).

Consistent with previous studies, we found that the captured arthropods had significantly distinct microbio-
ta and that the diversity of these microbial communities varied among morphospecies showing, on average,
a lower diversity in endogenous than exogenous microbiota. Arthropods vary in the extent to which micro-
organisms are essential to their survival and fitness, with extremes represented by insects with little to no
gut microbiota but dependent on intracellular symbionts (e.g., sap feeding insects), to insects with large
and complex communities (e.g., termites). Most insects fall within this range with most having moderately
complex gut microbiota with ca. 20 abundant taxa (Hammeret al. 2017; McFall-Ngai 2007). Less is known
about the diversity of the exogenous microbiota associated with arthropods.

We found that human pathogenic bacteria were abundant in both the endogenous and exogenous microbiota
of the studied arthropods. However, these pathogens were only present in indoor arthropods ecologically
associated with humans (synanthropic arthropods), and absent in the microbiota of outdoor arthropods.
This suggests that the microbiota may be influenced by the environment, but that the establishment of
environmental microbes is genetically determined.

The culture-based approach showed severe limitations as compared to the unbiased metabarcoding approach.
Through metabarcoding, we were able to identify a higher number of bacteria families and to obtain an un-
biased characterization of the arthropod’s associated microbiota. The metabarcoding approach was also able
to identify a higher number of potentially opportunistic pathogens associated with the arthropods, improving
our understanding of the role of non-pest arthropods as carriers of human pathogens. A parallel analysis of
opportunistic infections in humans and the opportunistic pathogens in indoor the arthropods is necessary
to establish the risk associated with non-pest arthropods as carriers of human diseases. However, our study
provides important insights into the role that non-pest arthropods may have as carriers of opportunistic
pathogens in households.
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Table 1 PERMANOVA . Permutational Multivariate Analysis of Variance testing for the effect of Arthro-
pod Family, Environment (urban/suburban), sampling month (Month) and their interaction terms in the
culture-based (A) and metabarcoding experiment (B). The Bray-Curtis distance (Oksanen 2020) was used
in both analyses. Significant terms are in bold. The statistics in this Table support data in Figure 3.

Df F.Model R2 Pr(>F)
Culture-based Culture-based Culture-based Culture-based Culture-based
Arthropod Family 8 1.88 0.16 0.001
Environment (Env) 1 2.15 0.02 0.033
Season 11 1.15 0.13 0.126
Arthropod Family*Env 3 1.22 0.04 0.16
Arthropod Family*Season 6 1.17 0.07 0.162
Season*Env 5 1.08 0.05 0.283
Metabarcoding Metabarcoding Metabarcoding Metabarcoding Metabarcoding
Arthropod Family 8 1.72 0.086 0.005
Environment (Env) 1 1.89 0.01 0.021
Season 11 2.55 0.13 0.002
Arthropod Family*Env 1 0.57 0.003 0.8
Arthropod Family*Season 13 1.37 0.111 0.01
Season*Env 2 1.7 0.02 0.073

Table 2 PERMANOVA. Permutational Multivariate Analysis of Variance testing for the effect of Arthropod
Family, Environment (urban/suburban), sampling month (Month) and their interaction terms on exogenous
(exo) and endogenous (endo) microbiota in the culture-based (A) and metabarcoding experiment (B). Bray-
Curtis (Oksanen 2020) distance was used on both culture-based approach and on ASV matrices. Significant
terms are in bold.

Df F.Model R2 Pr(>F)
Culture-based Culture-based Culture-based Culture-based Culture-based
Arthropod Family 4 2.3 0.17 0.002
Exo/endo 1 0.44 0.008 0.858
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Season 2 0.78 0.02 0.663
Family*exo/endo 4 2.36 0.17 0.001
Exo/endo*Season 1 0.44 0.08 0.845
Metabarcoding Metabarcoding Metabarcoding Metabarcoding Metabarcoding
Arthropod Family 4 10.01 0.38 0.001
Exo/endo 1 7.28 0.07 0.001
Season 3 1.52 0.04 0.077
Family*Exo/endo 4 3.61 0.14 0.001
Exo/endo*Season 3 0.93 0.02 0.5

Figure Legends

Figure 1 Experimental design . Arthropods were actively captured by citizen scientists from 20 house-
holds between August 2018 and October 2019 (1); the samples were collected monthly by researchers at
Aston University, UK (2); the arthropods were taxonomically classified (3) and pools of up to 5 specimens of
the same morphospecies pooled (4). From these pools endogenous and exogenous microbiota were isolated
(5); aliquots of these isolates were plated on different substrates and sequenced using Sanger sequencing (6)
and sequenced using DNA barcoding with the V1-V2 region of the 16S (7).

Figure 2. Arthropods relative abundance. Stacked barplot of arthropods’ relative abundance between
August 2018 and October 2019. Barplots are blank when data were not collected by the citizen scientists.

Figure 3. Microbiome diversity with culture-based and metabarcoding approaches. The relative
abundance of the top 10 most abundant bacterial families diversity is shown in stacked barplots for A) the
culture-based and B) the metabarcoding approach. Data are shown for urban (U) and suburban (SU)
households per month of sampling. Statistical analyses supporting this Figure are in Table 1.

Figure 4. Exogenous and endogenous microbiota composition.Stacked bar plots representing the
microbiota composition of exogenous (exo) and endogenous (endo) bacterial communities, across the sam-
pling months for the culture-based (A) and the metabarcoding approach (B). No culturable bacteria were
isolated from the endogenous microbiota in July 2019 with the culture-based approach. Statistical analyses
supporting this Figure are in Table 2.

Figure 5. Shared bacteria families . Venn diagram showing the intersection among bacteria families
identified by the culture-based and the metabarcoding approach, and their overlap with the approved list of
biological agents by the Advisory Committee on Dangerous Pathogens (HSE).
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